J mot-1 K-1. The phase transition is accompanied by an anomalous increase in lattice parameter and electrical conductivity. The cubic spinel structure is retained during the transition, which is caused by the change in Co+3 ions from low spin to high spin state. The octahedral site preference energy of Co+3 ion in the high spin state has been evaluated as -24.8kJ mol-1. This is more positive than the value for Co+2 ion (-32.9kJ mot-1). The cation distribution therefore changes from normal to inverse side during the phase transition. The transformation is unique, coupling spin unpairing in Co+3 ion with cation rearrangement on the spinel lattice. DTA in pure oxygen revealed a small peak corresponding to the transition, which could be differentiated from the large peak due to decomposition. TGA showed that the stoichiometry of oxide is not significantly altered during the transition. The Gibbs' energy of formation of Co3O4 from CoO and O2 below and above phase transition can be represented by the equations:
The Gibbs' energy of formation of Co3O4 from CoO and O2 has been measured by several investigators using manometric(1)- (5) and emf techniques(6)- (8) . However, significant discrepancies still remain. The entropy change for the formation reaction obtained from dissociation pressure (or temperature) measurements(1)- (5) is numerically much smaller than that obtained from emf measurements(6)(7). The third-law analysis of dissociation studies gives * Department of Metallurgy , Indian Institute of Science, Bangalore-560012, India.
not match the known decomposition temperatures in air or oxygen. Cossee (9) has suggested that Co3O4 is a normal spinel in which Co3+ ions are in low spin state (t62g). In most inorganic compounds Co3+ ion is in low spin configuration (e.g. ZnCo2O4(9), LiCoO2(10)). However, Co3+ ions exist in high spin state (t42ge2g) in a few compounds such as Sr2CoNbO6, Sr2CoSbO6(10) and K3CoF6 (11) . Raccah and Goodenough (12) have shown that Co3+ ions exist in both low and high spin states in LaCoO3 for T>648K.
A spin transition has been observed in Sr2Co2O5 by Grenier et al. (13 Fig. 1 . The calcia-stabilized zirconia tube was spring loaded against the reference electrode (CuO+Cu2O), contained in a larger alumina tube, with a Pt mesh sandwiched between the two. The mesh was connected to a Pt lead. Prepurified Ar gas was used to flush both the zirconia tube and the alumina tube containing the reference electrode. The assembly was contained inside a vertical alumina tube, which in turn was suspended in a furnace such that electrodes were maintained in the constant temperature zone. Argon gas was passed through the outer alumina tube. An earthed stainless steel sheet wrapped around the outer alumina tube minimized induced voltage on Pt leads. The cell temperature was measured by a Pt/Pt-13%Rh thermocouple placed adjacent to the cell. The temperature of the cell was controlled to
The oxygen partial pressure above the electrodes became significant for T>1000 K. The equilibrium was found to be disturbed by flowing Ar gas over the electrodes at these temperatures. To minimize the transpiration loss of ox- returned to the original value before the titration. Reproducibility of the emf was checked by approaching the temperature from higher and lower values. The electrodes were examined after the experiment by X-ray diffraction, which showed that their phase composition was not altered during experiment.
A dc four probe method was used for measuring electrical conductivity of Co3O4-Low voltages (<200mV) were applied during the conductivity measurements to prevent overheating of samples. The cylindrical samples for conductivity measurements were prepared from high purity cobalt (II) oxide, sindensity of 85%. Platinum paste electrode and Pt wire connectors were attached to the pellet and the assembly was baked at 1200 K in CoO The results of thermogravimetric analysis (TGA) shown in Fig. 3 indicate that the stoichiometry of Co3O4 remains unchanged until decomposition. Decomposition temperaculminating on the main peak due to decomposition.
The phase transition appears as a broad shoulder on the decomposition peak. A better separation of the thermal effects due to phase transformation and decomposition was achieved by conducting DTA in pure oxygen as shown in Fig. 3 . The broad endothermic peak corresponding to the phase transition appears to be composed of two subpeaks. The position of broad peak is different during heating and cooling, suggesting some hysteresis. The decomposition temperature is well delineated at 1233K during both heating and cooling processes.
The variation of lattice parameter with temperature is shown in Fig. 4 . Lattice parameter varies linearly with temperature upto approximately 900K above which there is an anomalous increase. The cubic spinel structure is retained throughout the temperature range. The results of the present study are in fair agreement with the data of Touzelin (15) The Gibbs' energy change for the formation of Co3O4 from CoO and O2 is compared in Figs. 6 and 7 with data available in the literature(1)- (8) . Figure 6 compares the results over the entire temperature range covered in this study, whereas A more precise indicator of temperature dependent errors in free energy measurements is provided by the third-law analysis. The enthalpy change for the reaction (4) at 298K can be computed from free energy change at each temperature using the relation; where (8) and O2 are given in Janaf tables (16) (17) . The free energy function for Co3O4 was calculated from heat capacity data of King (18) tained by extrapolating the linear segments of the emf (Fig. 2) . This temperature also corresponds to the maximum slope on the conductivity plot (Fig. 5) . However, maximum change in lattice parameter with temperature occurs at 1180 K. This phase transition is most probably due to a change in spin configuration of Co+3 ion. The supporting evidence for this hypothesis comes from the fact that changes in the experimental lattice parameter and entropy accompanying the phase transition can be adequately explained on this basis.
The octahedral site preference energy of Co+2 ion is -32.9kJ mol-1 (23 
The cation distribution computed at 1200K is (Co+20. in tetrahedral and octahedral sites (27) . The ion is present in high spin state on both sites at all temperatures. The Co+3 ion on the tetrahedral site can only be present in high energy. The ionic radii of Co+3 ion in octahedral environment in the low spin state is taken from Shannon and Prewitt (27) , while that for the high spin condition is from Blasse (10) . The calculated lattice parameter of Co3O4 corresponding to the normal spinel configuration with Co+3 ion in low spin state is 0.813 nm. The value of lattice parameter based on the calculated cation distribution and Co+3 in high spin state is 0.83 nm at room temperature. The difference of 0.017 nm at room temperature is close to the observed value of 0.0114 nm at 1300K (Fig. 4) .
The entropy change for the phase transition in Co3O4 calculated from the change in the tem- ions on octahedral site with cation rearrangement. For complete thermodynamic characterization of Co3O4, it is necessary to measure accurately heat capacities from 1000 K to the decomposition temperature.
